Pulmonary surfactant forms a phospholipid-rich monomolecular film at the air-liquid interface of the lung which is essential for the mechanical stability of the alveolar gas exchanging unit (1, 2). Surfactant protein A (SP-A) 1 is a 650-kDa oligomeric glycoprotein secreted by the pulmonary epithelium which has been reported to play important roles in surfactant homeostasis (3-5), the formation of tubular myelin (6, 7), the maintenance of monolayer integrity (8, 9), and in host defense (10, 11). SP-A shares a number of conserved structural features with other "collectins," a subset of the C-type lectin superfamily (12), including an NH 2 -terminal region containing interchain disulfide bonds, a collagen-like domain, a triple helical neck region and COOH-terminal carbohydrate recognition domain (CRD). Monomeric SP-A subunits fold into trimers through the formation of triple helices within the collagen-like region and neck region of the protein. Electron microscopic (13) and biochemical data (14) reveal that trimers further assemble into hexagonal arrays which are laterally associated through the first half of the collagen regions and stabilized by disulfide bonds near the NH 2 terminus (15). Studies with chimeric (16) or mutated (18 -20) 2 forms of SP-A have demonstrated the involvement of the COOH-terminal domains of the protein in ligand and receptor binding, the regulation of surfactant secretion and lipid uptake by type II cells.
Pulmonary surfactant forms a phospholipid-rich monomolecular film at the air-liquid interface of the lung which is essential for the mechanical stability of the alveolar gas exchanging unit (1, 2) . Surfactant protein A (SP-A) 1 is a 650-kDa oligomeric glycoprotein secreted by the pulmonary epithelium which has been reported to play important roles in surfactant homeostasis (3) (4) (5) , the formation of tubular myelin (6, 7) , the maintenance of monolayer integrity (8, 9) , and in host defense (10, 11) . SP-A shares a number of conserved structural features with other "collectins," a subset of the C-type lectin superfamily (12) , including an NH 2 -terminal region containing interchain disulfide bonds, a collagen-like domain, a triple helical neck region and COOH-terminal carbohydrate recognition domain (CRD). Monomeric SP-A subunits fold into trimers through the formation of triple helices within the collagen-like region and neck region of the protein. Electron microscopic (13) and biochemical data (14) reveal that trimers further assemble into hexagonal arrays which are laterally associated through the first half of the collagen regions and stabilized by disulfide bonds near the NH 2 terminus (15) . Studies with chimeric (16) or mutated (18 -20) 2 forms of SP-A have demonstrated the involvement of the COOH-terminal domains of the protein in ligand and receptor binding, the regulation of surfactant secretion and lipid uptake by type II cells.
Several laboratories have explored the functional role of the collagen-like domain of SP-A. Treatment of SP-A with collagenase produces a peptide composed of the neck and CRD of the protein, termed the collagenase-resistant fragment (CRF), which has been used to assess functional properties of the collagen-like region. The CRF binds dipalmitoylphosphatidylcholine (DPPC) (21) , mixed phospholipid liposomes (22) , and carbohydrate (23) with lower affinity than the native protein and does not aggregate DPPC-containing phospholipid vesicles (24) . The CRF also binds to the SP-A receptor on alveolar type II cells with reduced affinity (25) and is only 0.5% as potent as native SP-A as an inhibitor of the secretion of phospholipid from alveolar type II cells (26) . One limitation of the proteasebased analysis of SP-A is that the NH 2 -terminal disulfide crosslinking of subunits is also lost upon collagenase digestion, producing a weakly-associated trimer (15) . The loss of functional activities may therefore be due either to the elimination of the collagen-like region or of intermolecular cross-linking. Selective disruption of the interchain disulfide bridge at the NH 2 terminus of dog SP-A by partial reduction and alkylation reduced the affinity of the protein for phospholipid and blocked the aggregation of liposomes, but nonspecific modifications of the protein could not be completely excluded (27) . Thus, the collagen-like region and the disulfide bridges at the NH 2 terminus of SP-A play important roles in biological function, but dissection of their individual contributions using biochemical means has been problematic.
Recent studies have elucidated the intersubunit disulfide bridge structure of rat SP-A. The appearance of disulfide-dependent tetramers and hexamers of rat SP-A on nonreducing SDS-PAGE analysis provides direct evidence for at least two intermolecular disulfide bonds. Protease mapping data indicates that all intermolecular cross-links are localized to the NH 2 terminus (26) . Yet, the deduced primary structure of rat SP-A as reported by Sano et al. (28) predicts that only Cys 6 within this region is available for interchain disulfide formation. Recently, Elhalwagi et al. (29) reported a second interchain disulfide bridge in rat SP-A, within an NH 2 -terminal extension of a minor isoform that arises by alternate site signal peptidase cleavage. Thus, the rat SP-A is a heterooligomer of two isoforms which form multimers through two interchain disulfide bonds at the NH 2 terminus.
In this study we used mutant recombinant forms of SP-A to evaluate the role of the Cys 6 disulfide bond and the collagenlike region in the interaction of the protein with type II cells and phospholipids. Our results demonstrate that the Cys 6 disulfide bond and the collagen-like region make important and distinct contributions to the functions of SP-A.
EXPERIMENTAL PROCEDURES
Chemicals-Common salts and buffers were obtained from Sigma. Restriction endonucleases, ligases, and DNA polymerases were purchased from New England Biolabs and Life Technologies, Inc. The mannose-Sepharose (Pharmacia) affinity matrix was synthesized by previously published methods (30) using divinylsulfone as the crosslinking reagent. The polymerase chain reaction reagents for site-directed mutagenesis experiments were obtained from Life Technologies. Radioisotopes were purchased from NEN Life Science Products ([ 3 H]choline) and Amersham ( 125 I-Bolton-Hunter reagent). Grace's insect culture media and serum-free insect media (Excel 400) were purchased from J. R. H. Biosciences (Lenexa, KS).
Purification/Modification of Rat SP-A-Surfactant was isolated from Sprague-Dawley rats 4 weeks after the intratracheal instillation of 40 mg/kg of silica (31) . SP-A was isolated and purified from bronchoalveolar lavage using previously published methods (32) that included delipidation with butanol, mannose-Sepharose affinity chromatography, and gel permeation chromatography (33) on Bio-Gel A-15m.
DNA Construction of SP-A ⌬G8-P80 and SP-A hyp,C6S
-The cDNAs encoding mutant forms of SP-A were synthesized by the overlap extension technique of the polymerase chain reaction (34) , using the 1.6-kilobase cDNA for rat SP-A as the template (28) . The nucleotides encoding Gly 8 -Pro 80 of the mature protein were deleted to produce the collagendeletion mutant form of SP-A. The intermolecular disulfide bond at Cys 6 of SP-A was disrupted by alteration of the codon for Cys 6 to encode serine. The mutant proteins were ligated into the EcoRI site of the PVL 1392 recombination vector (InVitrogen) adjacent to the polyhedrin promoter and proper orientation was confirmed by restriction mapping with KpnI. Recombinant baculoviruses were produced by cotransfection of Spodoptera frugiperda cells with the PVL1392/SP-A constructs and modified linear viral DNA (Baculogold, Pharmingen). The entire coding regions of both mutant cDNAs were sequenced by the dideoxynucleotide termination method of Sanger et al. (35) to confirm desired mutations. No spurious mutations were noted in either construct.
Expression and Purification of Recombinant Proteins-The wild type and mutant recombinant proteins were synthesized in Trichoplusia ni (T. ni) cells by infection of the monolayers with recombinant baculoviruses as described (19) . The SP-A content of tissue culture media containing recombinant proteins was determined using a rabbit polyclonal IgG against rat SP-A and a sandwich ELISA technique (36) . Recombinant SP-As were harvested from culture media by adsorption to mannose-Sepharose 6B in the presence of 1 mM calcium and elution with 2 mM EDTA (15) . The recovered recombinant SP-As were dialyzed against 5 mM Tris (pH 7.4) and stored at Ϫ20°C.
Analysis of Recombinant SP-A-Protein samples were separated on 8 -16% SDS-PAGE gels (37) and either stained with Coomassie Blue or transferred to nitrocellulose membranes. For immunoblotting, membranes with adsorbed protein species were incubated with 5 g/ml polyclonal anti-SP-A IgG antibody covalently linked to horseradish peroxidase and developed with 1 mg/ml 3,3Ј-diaminobenzidine tetrachloride as the substrate (38) . The apparent molecular mass of the SP-A was determined by gel exclusion chromatography on Bio-Gel A-5m (90 ϫ 1.6 cm column) in 5 mM Tris (pH 7.4) at room temperature.
Primary Culture of Alveolar Type II Cells and Secretion of Phosphatidylcholine-Alveolar type II cells were isolated from male SpragueDawley rats by tissue dissociation with elastase and purification on metrizamide gradients (39) . The cells were seeded at a density of 2 ϫ 10 6 /35-mm dish and cultured for 21 h with [ 3 H]choline (0.5 Ci/ml) supplemented growth media. Secretion of radiolabeled phosphatidylcholine was determined as described previously (33) . Briefly, the phorbol ester 12-O-tetradecanoylphorbol-13-acetate (10 Ϫ7 M) was used as a stimulant of surfactant secretion and SP-A variants were tested for the ability to act as antagonists. After a 3-h incubation, radiolabeled lipid was extracted from the cells and media. Percent secretion was defined as Receptor Binding-The binding of variant forms of SP-A to the receptor on alveolar type II cells was determined using a competitive assay, as previously reported (18) .
125 I-Rat SP-A was prepared using radiolabeled Bolton and Hunter reagent as described (40) . The specific activity ranged from 100 to 300 cpm/ng and trichloroactetic acid routinely precipitated more than 95% of the label. Primary cultures of day 1 alveolar type II cells were incubated with 1.0 g/ml 125 I-rat SP-A and varying concentrations of unlabeled rat or recombinant SP-As (0 -50 g/ml) at 37°C for 3 h in complete Dulbecco's modified Eagle's medium and a 10% CO 2 atmosphere. The monolayers were then placed on ice, washed with cold phosphate-buffered saline, solubilized with 0.1 N NaOH, and radioactivity measured in a scintillation counter.
Liposome Aggregation and Lipid Binding-Lipids were purchased from Avanti Polar Lipids, Inc. Unilamellar liposomes were prepared from a mixture of DPPC:egg phosphatidylcholine (PC):egg phosphatidylglycerol (PG), 9:3:2, as described previously (19) . For aggregation experiments, 200 g of unilamellar liposomes and 10 g of SP-A were mixed in a cuvette in 1 ml of 100 mM NaCl, 50 mM Tris at 20 or 37°C. After a 3-min equilibration, Ca 2ϩ was added to a final concentration of 5 mM and light scattering was measured at 400 nm in a spectrophotometer for 5-7 min. Multilamellar liposomes were prepared from a mixture of DPPC:DPPG, 9:1. After removal of organic solvents under a stream of nitrogen gas, the lipids were hydrated in 50 mM NaCl, 10 mM Tris (pH 7.4) at 48°C for 1 h. Liposomes were formed by vortexing vigorously for 5 min. For lipid binding, 100 g of multilamellar liposomes were equilibrated with 0.2 g of SP-A in 50 l of 50 mM NaCl, 5 mM CaCl 2 , 20 mg/ml bovine serum albumin, and 10 mM Tris buffer, pH 7.4. Following incubation for 1 h at 25°C, the binding of recombinant SP-A or rat SP-A to multilamellar liposomes was determined by centrifugation at 14,000 ϫ g av for 10 min at 20°C and ELISA measurement of SP-A content of the pellet and supernatant fractions. Percent binding was defined as (SP-A pellet )/(SP-A pelletϩsupernatant ϫ 100). Control experiments where liposomes or calcium were deleted were also performed.
Bubble Surfactometer-The effect of variant SP-As on the surface tension of bovine lipid extract surfactant (BLES) during dynamic compression was monitored using the bubble surfactometer as described previously (8, 41) . Briefly, a bubble of ambient air was formed in a chamber containing a BLES suspension and pulsated at 30°C at a rate of 20 cycles/min between fixed radii (0.4 -0.55 mm). The pressure across the bubble was measured by a pressure transducer and surface tension was calculated by the Laplace equation, p ϭ 2␥/r. All surfactant sam-ples were assayed at 1 ng/ml BLES in buffer containing 1.5 mM CaCl 2 and 0.9% NaCl. SPAs were added at 5% wt/wt lipid.
Affinity of Mutant SP-A for Carbohydrate-The carbohydrate binding affinity of the recombinant proteins was examined by monosaccharide competition for SP-A binding to mannose-Sepharose beads. Nonspecific binding sites in the microcentrifuge tubes were blocked by a preincubation with binding buffer containing 50 mM Tris, 2 mM Ca 2ϩ , 100 mM NaCl, and 1% albumin. Variant SP-As (200 ng) were incubated with 100 l of mannose-Sepharose beads (50-l bed volume) in the presence of 0 -2 M mannose at 4°C for 1 h in binding buffer. The mixture was centrifuged at 1,000 ϫ g, the supernatant was harvested, and the pellet was washed twice with ice-cold binding buffer. The pellet was transferred to a new tube and eluted with 5 mM EDTA. SP-A in the supernatant plus wash fractions and the pellet were separately quantified by ELISA. For determination of nonspecific binding, EDTA was substituted for Ca 2ϩ in the binding buffer. Phospholipid Uptake by Type II Cells-Uptake of liposomes by freshly isolated type II cells was performed according to the method of Wright (3). Freshly isolated alveolar type II cells (1 ϫ 10 6 /tube) were washed 3 times and incubated with liposomes (100 g/ml) composed of [ 3 H]DPPC (1600 cpm/nmol):egg PC:PG, 7:2:1. The cells were resuspended in 0.5 ml of Dulbecco's modified Eagle's medium supplemented with 10 mM HEPES (pH 7.4) and incubated with the SP-A variants at the indicated concentrations for 1 h at 37°C. The media and cells were separated by centrifugation at 160 ϫ g for 5 min at 4°C and the cells were washed 3 times in ice-cold phosphate-buffered saline containing 1 mg/ml bovine serum albumin. An additional volume of 0.5 ml of phosphate-buffered saline was added to each tube and the cells and media were transferred to separate liquid scintillation vials and counted. Percent uptake was calculated according to the equation:
RESULTS

Production and Characterization of the SP-A
⌬G8-P80 and SP-A hyp,C6S -Recombinant proteins used in this study were synthesized in insect cells using baculovirus vectors. The wild type recombinant SP-A produced in this manner is relatively deficient in hydroxyproline (denoted SP-A hyp ) compared with rat SP-A, but is functionally comparable to the protein isolated from lung lavage (18, 19) . Mutant recombinant SP-As containing a deletion of the collagen-like domain (SP-A
⌬G8-P80
) or a serine substitution for Cys 6 that participates in intermolecular disulfide bond formation (SP-A hyp,C6S ) were expressed using mutant cDNAs for SP-A, generated by overlapping extension polymerase chain reaction ( T. ni cells/ml of culture media/72 h. Both proteins bound quantitatively to a mannose-Sepharose affinity column in the presence of 2.5 mM calcium, with less than 5% of the protein appearing in the void volume (data not shown). These results demonstrate that neither the Cys 6 disulfide bond nor the collagen-like domain of SP-A is required for secretion from eucaryotic cells or for binding to the mannose-derivatized Sepharose beads. The electrophoretic analysis of the SP-A hyp,C6S and SP-A ⌬G8-P80 on 8 -16% SDS-PAGE gels is depicted in Fig. 2 . Under reducing conditions, the rat SP-A migrates as a triplet at 26, 32, and 38 kDa and both the SP-A hyp and the SP-A hyp,C6S
migrate as a series of bands from 25 to 32 kDa. Differences in migration of the rat SP-A and SP-A hyp are related to the invertebrate pattern of glycosylation and the absence of hydroxyproline in the collagen-like region of the protein (19) . The 73-amino acid deletion of SP-A ⌬G8-P80 resulted in faster migration under reducing conditions, producing a band with an apparent mass of 19 -21 kDa, similar to the CRF (20 -22 kDa) (not shown) described by others (26) . Under nonreducing conditions, rat SP-A appeared as multiple bands of higher order disulfide-dependent oligomers that are resolved as far as hexamers, while the SP-A hyp and SP-A ⌬G8-P80 formed oligomers through at least trimer. SP-A hyp,C6S appeared as both a monomer and dimer under these conditions, which indicated the existence of a second intermolecular disulfide bond. Following electrophoresis, the protein species were transferred to nitrocellulose (Fig. 3) and reacted with polyclonal antibody to rat SP-A to enhance the detection of less abundant or poorly staining protein species. Higher oligomeric forms of SP-A hyp and SP-A ⌬G8-P80 resolved through hexamers were apparent on the blot, indicating that neither hydroxyproline nor the presence of the collagenlike region is required for disulfide-dependent assembly. The immunoblot did not reveal oligomeric species greater than dimer for the SP-A hyp,C6S . Additional experiments were performed to explore the mechanism of unexpected dimerization of the SP-A hyp,C6S . Elhalwagi et al. (29) fied cysteinyl isoform of the protein, which is 3 amino acids longer than the reported mature protein (29) . In that study, Edman degradation sequencing revealed approximately 20% of purified rat SP-A (and SP-A hyp ) contained an isoleucine-lysinecysteine (IKC) extension which preceded the reported NH 2 terminus at Asn 1 . The cysteine residue within the IKC sequence of rat SP-A was found to participate in interchain disulfide bond formation. In the current study, we also performed NH 2 -terminal sequencing of the SP-A hyp,C6S . This analysis revealed that 92% of the sequence was the previously described NH 2 terminus except for the Ser 6 substitution, NVT-DVSAG, and 8% was the longer variant, IKC-blank-VTD (the blank cycle is most probably due to N-linked glycosylation at Asn 1 ). The Cys Ϫ1 of the latter sequence eluted from the high performance liquid chromatography column in the position of diphenylthiohydantoin-cystine, consistent with participation in disulfide bond formation (42) . The NH 2 -terminal analysis of SP-A ⌬G8-P80 revealed the expected deletion, disulfide bond formation at Cys Ϫ1 and Cys 6 , and a 3.2:1 ratio of the shorter to longer isoform (NVTDVCA to IKC-blank-VTDV). Thus, the dimeric form of the SP-A hyp,C6S is due to disulfide bridge formation at Cys
Ϫ1
. This newly identified bond may contribute to the functional activity of SP-A, and must be considered in the interpretation of experiments involving SP-A hyp,C6S . The mutant proteins were also analyzed for the oligomeric association of subunits in solution using gel permeation chromatography on Bio-Gel A-5m (Fig. 4) . Previous studies have shown that rat SP-A elutes near the void volume with an apparent molecular mass of 1.6 mDa (33). Differences from the expected mass of 650 kDa are due to the elliptical shape of the molecule which distorts the Stokes radius for entry into the matrix. The SP-A hyp eluted as a broad peak near the position of blue dextran (2000 kDa) but before ferritin (500 kDa), indicating that it was assembled into oligomers of multiple subunits (estimated to be Ͼ10). The SP-A hyp,C6S appeared in an elution volume nearer to the position of ferritin, which suggested that the oligomers contained fewer subunits than SP-A hyp . The more globular shape of SP-A ⌬G8-P80 permits direct comparisons with the molecular standards for determination of molecular size. The monomeric molecular mass of 22 kDa and elution from the gel filtration column near the position of ferritin predicts that the SP-A ⌬G8-P80 is assembled as an oligomer of 18 -20 subunits. Thus, under the chromatographic conditions employed, extensive association of SP-A subunits occurs in the absence (or relative deficiency) of hydroxyproline, the collagenlike region, or the , and ELISA quantification of SP-A that cosedimented with the liposomes upon centrifugation (19) . As shown in the first two partitioned groupings, nonspecific binding which occurred in the absence of Ca 2ϩ or lipid was less than 2% of added protein for all of the SP-A variant proteins. For rat SP-A, 86 Ϯ 7% of added protein specifically sedimented with the liposomes at 25°C. Under the same conditions, 59 Ϯ 8% of SP-A hyp was recovered in the pellet compared with values of 30 Ϯ 6% of SP-A ⌬G8-P80 and 19 Ϯ 7% of SP-A hyp,C6S . We conclude that the Cys 6 disulfide bond and collagen-region dependent oligomeric assembly of SP-A contribute to, but are not absolutely required for, the binding of the protein to phospholipid liposomes.
Aggregation of Phospholipid Liposomes by SP-A ⌬G8-P80 and SP-A hyp,C6S
-Rat surfactant protein A aggregates phospholipid liposomes in the presence of calcium (24) , which can be quantified by measuring light scattering in a spectrophotometer. As shown in Fig. 7 , the maximal end point for light scattering induced by rat SP-A was 0.145 Ϯ .001 A 400 units at 20°C and , and SP-A hyp,C6S were subjected to SDS-PAGE under reducing (lanes a-d) and nonreducing (lanes e-f) conditions and transferred to nitrocellulose membranes. Immunoreactive species were detected using polyclonal antibody against rat SP-A. Native rat SP-A (lanes a and e) 0.111 Ϯ 0.005 A 400 units at 37°C. Maximal aggregation by SP-A hyp and SP-A ⌬G8-P80 were nearly identical to each other at 20°C (0.102 Ϯ 0.003 and 0.101 Ϯ 0.002 A 400 units, respectively), but neither protein-induced significant light scattering at 37°C (did not plateau, maximum aggregation 0.003 and 0.007 A 400 units at 10 min, respectively). The SP-A hyp,C6S did not support liposome aggregation at 20. These data indicate that the intermolecular bond at Cys 6 is required for aggregation of phospholipid liposomes. The collagen-like region is not required for SP-A-mediated aggregation of phospholipid liposomes at 20°C, but the presence of the collagen-like region and/or full hydroxylation of prolines appears to be required for aggregation at physiologic temperatures.
Surface Active Properties of SP-A ⌬G8-P80 and SP-A hyp,C6S -The effects of deletion of the collagen-like domain or the disruption of Cys 6 disulfide bond of SP-A on enhancement of surface active properties of BLES was determined (8) . The bubble surfactactometer assesses the ability of a surfactant to adsorb, spread, and reduce surface tension at the air/liquid interface of a bubble generated within an aqueous hypophase. With repeated pulsations, the surface tension of a mixture of BLES plus rat SP-A fell to a plateau value of near 0 dynes/cm during dynamic compression of the surface monolayer (Fig. 8) . The SP-A ⌬G8-P80 (5% of lipid, wt/wt) promoted the adsorption of BLES to the interface and the reduction in minimum surface tension at 60 cycles to nearly the same extent as the rat SP-A. The SP-A hyp,C6S did not support a reduction in surface tension at minimal bubble radius beyond that obtained with BLES alone. Thus, there was concordance between the effect of the mutations on the lipid aggregation and surface active properties for each mutant SP-A. We conclude that the Cys 6 disulfide bond but not the collagen-like domain is required for the surface tension lowering effect of SP-A on BLES.
Competition I-rat SP-A for receptor occupancy in a dose-dependent manner similar to that observed for competition by unlabeled rat SP-A. The IC 50 for SP-A hyp was approximately 12 g/ml, while the IC 50 for rat SP-A was about 5 g/ml (Fig. 9) . The SP-A hyp,C6S also resulted in dose-dependent competition for 125 I-rat SP-A binding, albeit less effectively. Binding was inhibited by 13.7% at 10 g/ml of SP-A hyp,C6S and by 45.4% at 50 g/ml (IC 50 Ͼ 50 g/ml). In contrast, the SP-A ⌬G8-P80 displaced only 7.5% of 125 I-SP-A at 10 g/ml and no further competition for binding was observed at concentrations of up to 50 g/ml. These results demonstrate that the collagen-like domain is required for competition with rat SP-A for receptor occupancy. The Cys 6 residue also contributes significantly to receptor binding but is not absolutely required for activity. 50 of 0.03 and 0.13 g/ml, respectively. As shown in Fig. 10 , SP-A ⌬G8-P80 also inhibited the 12-O-tetradecanoylphorbol-13-acetate-stimulated secretion of phospholipid in a dose-dependent manner, by 15% at 0.1 g/ml, by 70% at 1.0 g/ml, and to below basal levels at 10 g/ml. The calculated IC 50 for SP-A ⌬G8-P80 was 0.13 g/ml which was similar to the IC 50 of the hydroxyproline-deficient SP-A hyp . By comparison, the SP-A hyp,C6S was a very weak inhibitor of surfactant secretion. The Ser 6 substitution shifted the dose-response curve for inhibition upward and increased the apparent IC 50 from 0.45 g/ml to approximately 33 g/ml (data not shown). Inhibition of secretion to basal levels by SP-A hyp,C6S required concentrations of 132 g/ml (see Fig. 11 ). A modified secretion assay performed in the presence of ␣-methylmannoside was used to distinguish specific inhibition from the nonspecific inhibition caused by lectins such as concanavalin A, which do not compete for the SP-A receptor (33) . In these experiments, the high concentration of the sugar in the media increased the basal levels of secretion, as previously reported (33) . As shown in Fig. 11 , the inhibition by concanavalin A was completely reversed by 0.25 M ␣-methylmannoside (33) while the inhibition of secretion by rat SP-A and SP-A hyp was not affected by free monosaccharide. Similarly, the weak inhibition by SP-A hyp,C6S was preserved in the presence of ␣-methylmannoside. However, the near wild type level of inhibition by 1.0 g/ml SP-A ⌬G8-P80 was completely reversed by the co-incubation of the monolayer with the 0.25 M ␣-methylmannoside. Thus, the Cys 6 intermolecular disulfide bond plays an important role in the inhibition of surfactant secretion by SP-A. The collagen-like region appears to be essential for specific interaction with the receptor that regulates surfactant lipid secretion.
Enhancement of Liposome Association with Type II Cells by SP-A
⌬G8-P80 and SP-A hyp,C6S -The property of SP-A ⌬G8-P80 and SP-A hyp,C6S to enhance the association of phospholipid vesicles with freshly isolated type II cells was also assessed and the results are shown in Fig. 12 . In the absence of SP-A, less than 0.5% of the 3 H-phospholipid liposomes co-incubated with the monolayer were associated with the alveolar type II cells. Rat SP-A at 5 g/ml and SP-A hyp at 50 g/ml enhanced the monolayer-associated label by approximately 3-and 6-fold to 1.5 and 3.0%, respectively. The SP-A ⌬G8-P80 or the SP-A hyp,C6S did not increase the association of the liposomes with the type II cells at concentrations of 50 g/ml. These data indicate that both the collagen-like domain and the Cys 6 intermolecular bond are required for the SP-A-mediated association of liposomes with alveolar type II cells.
DISCUSSION
Polypeptide subunits of surfactant protein A assemble into an octadecamer whose structure depends upon triple helix formation by the collagen region of monomers to form trimers and covalent cross-linking of trimers by disulfide bridges. Previous investigations using collagenase-treated preparations of SP-A could not separately assess the contribution of these domains to protein function. In this study, we synthesized mutant recombinant forms of SP-A with deletions of the collagen region or the substitution of the Cys 6 that forms intermolecular disulfide bonds to determine their roles in oligomeric assembly and biological activity.
The SP-A ⌬G8-P80 was secreted as a glycosylated protein at high levels from insect cells, indicating that the collagen-like region is not required for eucaryotic carbohydrate modification, proper protein folding (as judged by competence to bind carbohydrate), or secretion. Others have reported that sialylation, intracellular transport to the lamellar body pool, and secretion of SP-A were inhibited in cultured type II cells which were co-incubated with agents which disrupt the collagen-like triple helix (43) . The defects in processing observed in the latter study may have been a consequence of protein misfolding and perturbation of post-translational modification and trafficking rather than to functional inactivation of the collagen domain. The Cys 6 intermolecular disulfide is also not required for processing since SP-A hyp,C6S was glycosylated and secreted from the insect cell line.
Rat SP-A has previously been reported to have 5 cysteine residues within the coding sequence of the mature protein (28 (15) . A recent study reported that rat SP-A is actually a heteroligomer of two isoforms, which differ by the presence or absence of a tripeptide extension at the NH 2 terminus (29) . The longer isoform contains a sixth cysteine, at the Ϫ1 position of the protein relative to Asn 1 , which was demonstrated to form an interchain disulfide bridge. In the current study, the SP-A hyp,C6S migrated as both monomer and dimer, indicating the existence of an interchain disulfide other than Cys 6 . Edman degradation sequencing confirmed that the dimerization occurred because of disulfide formation at Cys Ϫ1 of the cysteinyl isoforms, which represented 8% of the fully processed SP-A hyp,C6S . The SP-A ⌬G8-P80 was also a mixture of two isoforms and formed a full complement of oligomers on nonreducing SDS-PAGE by virtue of disulfide formation at Cys Ϫ1 and Cys 6 . Both the SP-A ⌬G8-P80 and SP-A hyp,C6S eluted from the gel exclusion column in positions consistent with the assembly of nine or more subunits, indicating that neither the collagen-like domain nor the Cys 6 disulfide bond are absolutely required for the association of oligomers in solution.
The binding affinity of SP-A ⌬G8-P80 and SP-A hyp,C6S for the mannose-Sepharose beads were identical to SP-A hyp , indicating that the collagen-like region and the Cys 6 intermolecular disulfide are not essential for binding to simple monosaccharide ligands. This result is consistent with sequence homologies (46) and mutagenesis studies which assign the carbohydratebinding site to the CRD of SP-A (46, 47) but does not support the notion that NH 2 -terminal domains of SP-A enhance binding affinity through their contributions to the oligomeric assembly of the protein. However, the binding of SP-A to biological ligands on the surface of pulmonary cells and pathogenic organisms probably involves the interaction of multiple CRDs of oligomeric SP-A molecules to widely-spaced sugar arrays (48) . The binding of mutant SP-As to monosaccharides may therefore reflect interactions of limited valency which cannot be directly extrapolated to more complex carbohydrates.
The primary lipid binding and aggregation domains of SP-A have been mapped to the CRD by site-directed mutagenesis (16, 18, 20) , 2 although both the collagen-like region and the NH 2 -terminal intermolecular disulfide bond have been reported to play contributory roles in these functions (22, 24) . The mutant recombinant proteins in this study provided a means to dissect the individual importance of these two domains in the interactions with lipids. Both the SP-A hyp and the SP-A
⌬G8-P80
bound and aggregated liposomes at 25 and 20°C, respectively, but neither protein induced aggregation at 37°C. The mechanism of reduced lipid aggregation at 37°C may be related to temperature effects on the oligomeric assembly of the recombinant SP-As. The SP-A hyp,C6S also bound liposomes at reduced levels at 25°C but did not aggregate liposomes at either 20 or 37°C (data not shown). These results suggest that the Cys 6 intermolecular disulfide bond and the collagen-like region independently contribute to phospholipid binding by SP-A but that neither is absolutely required for the interaction. The Cys 6 intermolecular disulfide bond but not the collagen-like region is required for lipid aggregation.
The biophysical property of surfactant that is most important for the stability of alveoli in the lung is the reduction in minimum surface tension upon compression. Most of the surface activity of surfactant is attributable to DPPC, but the saturated lipid does not readily adsorb to the air-liquid interface in the absence of the surfactant proteins (49, 50) . The ability of SP-A to enhance the adsorption of surfactant to the lipid monolayer and to promote the reduction in minimum surface tension upon dynamic compression can be measured with the bubble surfactometer (8), but little is known about the molecular mechanism of this effect. In this study, we found that the Cys 6 disulfide but not the collagen-like domain of SP-A is required to promote the reduction in minimum surface pressure of BLES. The surface activities of these mutant forms of SP-A parallel their lipid aggregating properties, that is, the SP-A ⌬G8-P80 both aggregates lipid and enhances BLES surface activity and the SP-A hyp,C6S does neither. Another nonaggregating mutant protein, SP-A hyp,E195Q,R197D (18) , has the same activity profile in the bubble surfactactometer as SP-A hyp,C6S
(not shown). Collectively, these data indicate that Cys 6 disulfide bond but not the collagen-like domain is required for the surface tension lowering effects of SP-A and that the property of SP-A to aggregate lipids predicts the surface active properties of the protein.
The kinetics of binding of SP-A to the high affinity receptor on type II cells have been reported (25, 51, 52) and an SP-A receptor on macrophages has been isolated (17) . The SP-A ⌬G8-P80 competed poorly with 125 I-rat SP-A for receptor occupancy in this assay. Since individual and tandem point mutations to the CRD of SP-A also block competition for the receptor (16, 18, 47) , 2 it is likely that ligation of the receptor requires a cooperative interaction between COOH and NH 2 -terminal domains of the protein. The plateau in the competition curve may also indicate that there are two or more populations of receptors for SP-A, as has been suggested previously (51) . The SP-A hyp,C6S was more effective than SP-A ⌬G8-P80 at displacing the 125 I-rat SP-A from the receptor on type II cells but less than 10% as potent as SP-A hyp . The residual receptor binding after substitution of the Cys 6 and elimination of the disulfide bond may be due to the newly identified Cys Ϫ1 disulfide in SP-A hyp,C6S (29) . Surfactant protein A inhibits the secretion of phospholipid from isolated type II cells (4) by a receptor-mediated mechanism. We have previously reported that individual and tandem point mutations of the CRD of SP-A block the inhibition of secretion from type II cells (18, 19) . The finding that the SP-A ⌬G8-P80 inhibits the secretion of surfactant to nearly the same degree as the SP-A hyp is also consistent with the topological assignment of the surfactant secretion modulation site to the CRD. However, like concanavalin A, inhibition by SP-A
was reversed by co-incubation with excess saccharides. This latter result demonstrates that the collagen-like region is required for specific interaction with the SP-A receptor that regulates lipid secretion. In contrast, the SP-A hyp,C6S was a weak inhibitor of surfactant secretion, but the activity of the protein was not reversible with ␣-methylmannoside. These results clearly indicate that covalent association of SP-A subunits via the NH 2 -terminal Cys 6 disulfide bond is important for the inhibition of surfactant secretion by SP-A. The residual inhibitory activity of SP-A hyp,C6S may again be attributable to the Cys Ϫ1 disulfide bond. In summary, we have synthesized mutant recombinant forms of SP-A containing a deletion of the collagen-like domain and a disrupted interchain disulfide bond at Cys 6 . We found that neither the Cys 6 bond nor the collagen-like domain were essential for association of subunits of SP-A to form multimers in solution or for binding of SP-A to carbohydrate, but both domains contributed to the extent of binding to liposomes. The aggregation of phospholipid vesicles, surface tension lowering activity, and potent inhibition of surfactant secretion from type II cells by SP-A required the Cys 6 bond. Competition for receptor occupancy and specific inhibition of surfactant secretion required the presence of the collagen-like domain. Mutation of the CRD (18) also blocks liposome aggregation, receptor binding, and modulation of surfactant secretion, indicating that the functions of SP-A require cooperative interactions between the NH 2 -terminal and COOH-terminal domains of the protein.
